Root extracts of P. vittata oxidized 44 e73% of AsIII to AsV. Rhizome and frond extracts of P. vittata reduced 3.7e44% of AsV to AsIII. 17 As-resistant and 1 As-sensitive bacteria were isolated from P. vittata extracts. 8 isolated bacteria belong Firmicutes, 9 Proteobacteria and 1 Bacteroidetes. All As-resistant bacteria were AsV reducers except one AsIII oxidizer. a b s t r a c t Arsenic (As)-resistant bacteria are abundant in the rhizosphere and tissues of As-hyperaccumulator Pteris vittata. However, little is known about their roles in As transformation and As uptake in P. vittata. In this study, the impacts of P. vittata tissue extracts with or without surface sterilization on As transformation in solutions containing 100 mg L À1 AsIII or AsV were investigated. After 48 h incubation, the sterilized and unsterilized root extracts resulted in 45% and 73% oxidation of AsIII, indicating a role of both rhizobacteria and endobacteria. In contrast, AsV reduction was only found in rhizome and frond extracts at 3.7 e24% of AsV. A total of 37 strains were isolated from the tissue extracts, which are classified into 18 species based on morphology and 16S rRNA. Phylogenic analysis showed that~44% isolates were Firmicutes and others were Proteobacteria except for one strain belonging to Bacteroidetes. While most endobacteria were Firmicutes, most rhizobacteria were Proteobacteria. All isolated bacteria belonged to AsV reducers except for an As-sensitive strain and one AsIII-oxidizer PVR-YHB6-1. Since As transformation was not observed in solutions after filtrating or boiling, we concluded that both rhizobacteria and endobacteria were involved in As transformation in the rhizosphere and tissues of P. vittata.
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Introduction
Metalloid arsenic (As) is widely distributed in the environment, which is of much concern (Garg and Singla, 2011) . Due to its carcinogenic toxicity to humans, its contamination in soils is a worldwide issue. The common As species in soils include arsenate (AsV) and arsenite (AsIII), which are controlled by chemical and microbial transformation (Chen et al., 2017; .
Studies showed that rhizobacteria-mediated As oxidation and reduction impact As accumulation and species in plants (Jia et al., 2014; Zhao et al., 2013) . Bacteria-mediated As transformation and its contribution to As assimilation and speciation have been investigated in As-hyperaccumulator Pteris vittata. For example, Mathews et al. (2010) incubated P. vittata under aerated hydroponics containing 0.1 mM AsIII and detected considerable AsIII oxidation to AsV after 24 h, while AsIII oxidation was not observed in plant-free control or under sterile condition, indicating bacterial role in As transformation. Similar results were also observed by Wang et al. (2012) who attributed to the presence of AsIII-oxidizing bacteria in P. vittata rhizosphere. However, most culturable Asresistant bacteria are AsV reducers (Ghosh et al., 2011; Huang et al., 2010) , though AsIII-oxidizing genes (aroA-like) in AsIII oxidizers are often more abundant than AsV-reducing genes (arsC) in AsV reducers (Han et al., 2017b) . These inconsistent results indicate that bacteria phyla and their roles in As transformation in the rhizosphere and tissues of P. vittata are still unclear.
Once taken up, AsV is reduced to AsIII enzymatically in the rhizomes not the roots of P. vittata, which is translocated to the fronds (Mathews et al., 2010) . It is possible that AsV reduction in P. vittata is partly associated with endobacteria. Zhu et al. (2014) and Xu et al. (2016) isolated several dozens of As-resistant endobacteria in P. vittata, and verified that most bacteria are AsV reducers. In a study of Tu et al. (2004) , excised pinnae of P. vittata reduced 86% of 0.67 mM AsV to AsIII after 1 d. Bondada et al. (2004) observed 65e86% AsIII in P. vittata pinnae 4 weeks after supplying foliar AsV at 1.3 mM. As such, besides As transformation in P. vittata rhizosphere, it is also important to understand AsV reduction inside P. vittata tissues and the associated mechanisms.
Although a number of rhizobacteria and endobacteria from P. vittata have been documented, their roles in As transformation in different tissues need further investigation. Therefore, the objectives of this study were to 1) compare the roles of different tissue extracts of P. vittata in As transformation, 2) evaluate the roles of rhizobacteria and endobacteria from tissue extracts in As transformation, and 3) isolate the bacteria from different tissue extracts and determine their As transformation ability.
Materials and methods
2.1. Plant sampling and tissue extraction P. vittata plants cultivated in As-free soils with 5e6 fronds and 15 cm in height were used for tissue extraction. Before use, the plants were shaken gently to remove the absorbed soils on the roots. After being separated into the roots, rhizomes and fronds, half of the tissues were surface-sterilized by a sequential immersion method (Han et al., 2016a) . Briefly, the tissues were immersed in 70% ethanol for 40 s, followed by disinfection in 2.5% sodium hypochlorite solution for 30 min, then soaked in sterile water for 30 min and rinsed 3e5 times with sterile water to remove chemicals. To ensure disinfection, the last washing buffer was spread on LuriaeBertani (LB) agar media at 30 C for 4 d (Han et al., 2016a) , no bacterial growth was observed. The other half of the tissues were without sterilization before extraction.
The tissues were then ground in a sterile mortar containing 15 mL sterile phosphate buffered saline (PBS, pH ¼ 7.4). In addition, sterile quartz sand was also added into the mortar to improve destruction of plant cell wall (Xu et al., 2016) . After that, the tissue extracts were collected and stored at 4 C before use.
Arsenic transformation mediated by tissue extracts
To determine the role of bacteria and/or plant in As transformation, aliquots of tissue extracts (1 mL) were added into 19 mL sterile PBS to make a final concentration of 100 mg L À1 AsIII or AsV.
For both sterilized and control treatments, they were divided into three subgroups before mixing with As solutions: 1) no treatment, 2) boiled at 100 C for 15 min to deactivate enzymes, and 3) filtered through 0.22 mm filter to remove bacteria.
The mixed solutions were sealed in sterile tubes (Corning Incorporated, USA) with gas-permeable membrane and collected after 48 h incubation at 25 C. Aliquots of solutions were spread on LB agar media to isolate rhizobacteria and endobacteria (Xu et al., 2016) . After incubating at 30 C for 7 d, all colonies with different morphologies were picked out and re-incubated on LB agar media 3 times to obtain purified isolates. All purified isolates were reincubated in LB liquid media for 12 h, then mixed with 30% glycerol (1:1 v:v) and stored at À80 C before further identification. To test whether As transformation occurred, the solutions were filtered by 0.22 mm filter and diluted by 1% HNO 3 as required. The diluted solutions were stored at 4 C before As species analysis.
Identification of rhizobacteria and endobacteria
All bacteria were incubated in LB media at 30 C for 12 h and centrifuged at 8000 g for 5 min. The collected bacteria were used for DNA extraction using a FastDNA ® SPIN Kit for Soil (MP Biomedicals, USA). Bacterial DNA was stored at À20 C for further use. The amplification of 16S rRNA was performed on a T100 Thermocycler (BioRad, USA) with primers BACT27F/PROK1492R (Wang et al., 2016) . The PCR mixtures consisted of 25 mL 2 Â Mix (TransGen Biotech., Beijing, China), 1.5 mL of each primer (10 mM), 2 mL DNA and 20 mL PCR degrade water. The PCR programs contained a predenaturation for 5 min at 94 C, followed by 35 cycles with a denaturation for 35 s at 94 C, an annealing for 30 s at 55 C and 1.5 min at 72 C, and a final extension at 72 C for 10 min (Wang et al., 2016) . After examining electrophoretically in a 1.2% (w/v) agarose gel, the PCR products were purified and sequenced by GenScript Co., Ltd. (Nanjing, China). The sequences were analyzed by BLAST similarity search (https://blast.ncbi.nlm.nih.gov/Blast.cgi) against the known sequences in NCBI database and submitted to GenBank database with the accession numbers KP986945eKP986962. The sequences were aligned by Clustal X 1.83 and the phylogenic tree was plotted by Mega 4.0.
Arsenic transformation by rhizobacteria and endobacteria
To better understand the roles of rhizobacteria and endobacteria in As transformation in the solutions, bacterial As transformation was analyzed. All bacteria from different tissue extracts were incubated at 30 C for 12 h, followed by dilution to a uniform concentration, and aliquots of bacterial suspension (final OD 595 nm ¼ 0.1) were added into a new LB medium containing 75 mg L À1 AsIII or AsV.
The groups without bacterial inoculation were set as control.
After 24 h incubation, OD 595 was recorded by a microplate system (Thermo Scientific Multisan Spectrum, USA) to evaluate bacterial growth. After centrifuging at 8000 g for 5 min, the supernatants were filtered by 0.22 mm filter and diluted as required for As speciation. Meanwhile, bacterial biomass was collected and washed 3 times by PBS, followed by re-suspension in 5 mL methanol-water mixture (v/v, 1:1) and extraction 3 times under ultrasonication for 2 h (Zhang et al., 2002) . To avoid As transformation, ice-bath was renewed every 30 min, with vials being mixed for 30 s (Han et al., 2016b) . After centrifuging at 8000 g for 5 min, all three supernatants were collected, mixed, filtered and diluted as needed. The As concentration in bacterial biomass was recorded as mg L À1 OD 595 À1 .
Arsenic species in the solutions were determined using high performance liquid chromatography (HPLC; Waters 2695, USA) coupled with inductively coupled plasma mass spectrometry (ICPeMS; PerkinElmer NexION 300X, USA). The mobile phases of HPLC consisted of 10 mM (NH 4 ) 2 HPO 4 and 10 mM NH 4 NO 3 (pH ¼ 6.2), the cation exchange column and guard column were PRP-X100 (10 mm, Hamilton, UK) and PRP-X110 (Hamilton, UK), the mobile rate was 1.0 mL min À1 (Xu et al., 2014) . Before separation, the column was equilibrated with the mobile phase for at least 0.5 h with sample injection volume at 50 mL. Standard solutions (0e20 mg L À1 ) of As species (AsIII and AsV) were prepared on the day of analysis from stock solutions containing 1000 mg As L
À1
. During As speciation, blanks, blank spikes and sample spikes for both AsIII and AsV were included every 20 samples, with spike recoveries being 74e86% (data not shown).
Statistical analysis
All experiments were conducted in triplicate. The data are presented as the mean value of triplicate with standard error. Significant differences were determined according to two-way analysis of variance (ANOVA) by Tukey's multiple comparisons test at P 0.05 using GraphPad Prism (Release 6.0, USA).
Results and discussions

Root extracts oxidized AsIII while rhizome and frond extracts reduced AsV
To test the roles of bacteria and/or plants in As transformation, aliquots of P. vittata tissue extracts with different treatments, i.e., control, filtrating or boiling, were mixed with solutions containing 100 mg L À1 AsIII or AsV. In the control, 5.8% of AsIII was converted to AsV, probably by oxygenation (Fig. 1A) . In the root extracts with surface sterilization, 45% AsIII was oxidized AsV (Fig. 1A) . Without surface sterilization, the root extracts showed higher AsIII oxidation at 73%, indicating that 28% of AsIII oxidation was mediated by rhizobacteria on root surfaces and 45% by endobacteria insides the roots (Fig. 1A) . However, only 1.5e7.3% AsV was detected in the rhizome and frond extracts (Fig. 1A) , showing no significant differences with the control at 5.8%. The data indicated that the rhizome and frond extracts showed little ability in AsIII oxidation.
Similarly, we determined As speciation in solution containing tissue extracts and 100 mg L À1 AsV. As shown in Fig. 1B , no AsV reduction was detected in the control. In the presence of tissue extracts, however, AsV reduction occurred in all treatments with or without surface sterilization (Fig. 1B) . Specifically, with root extracts, 3.7% and 11% of AsV were reduced to AsIII in sterile and unsterile root extracts, showing contribution of AsIII oxidation by rhizobacteria on root surfaces (Fig. 1B) . In comparison, 22e24% of AsV was reduced to AsIII in rhizome and frond extracts with or without surface sterilization, showing little contribution of AsV reduction from bacteria on rhizome and frond surfaces (Fig. 1B) .
Since bacteria are widely distributed in the rhizosphere and plant tissues of P. vittata (Xu et al., 2016; Zhu et al., 2014) , considerable AsIII oxidation and AsV reduction in tissue extracts may be mediated by bacteria. However, As transformation, especially AsV reduction, was also mediated by P. vittata enzymes (Duan et al., 2005) . To verify these hypotheses, As transformation in tissue extracts after filtrating (removing bacteria) or boiling (deactivating plant enzymes) was also determined. As shown in Fig. 1C , D, no significant AsIII oxidation or AsV reduction was observed in tissue extracts after filtration with 0.22 mm filter as compared to the control. Similar results were also found after boiling at 100 C for 15 min (Fig. 1E, F) . Our data indicated that both rhizobacteria and endobacteria were involved in AsIII oxidation and AsV reduction in the rhizosphere and tissues of P. vittata. In this study, plant enzymes showed limited contribution partially because their function probably needs substrates such as nicotinamide adenine dinucleotide phosphate (NADPH) and glutathione (GSH) (Duan et al., 2005) .
Proteobacteria and Firmicutes predominated in rhizosphere and plant tissues
It is possible that both rhizobacteria and endobacteria play roles in As transformation in the rhizosphere and tissues of P. vittata. To test this hypothesis, it is necessary to isolate As-resistant bacteria from tissue extracts and determine their As transformation ability. Aliquots of tissue extracts were spread on LB agar media to isolate rhizobacteria and endobacteria. While 37 strains were isolated from unsterilized tissues, only 20 strains were isolated from sterilized tissues, indicating that the diversity of culturable rhizobacteriawas similar to that of endobacteria, i.e., 17 vs. 20 strains. With further identification based on colony morphology and 16S rRNA alignment, we found that several strains were present in all three tissues (Fig. 2 ). As such, based on classified species, we obtained a total of 18 isolates from tissue extracts ( Fig. 2 and Fig. S1 ).
To better understand the bacterial community, we extracted their genomic DNA and amplified the 16S rRNA genes using universal primers (Wang et al., 2016) . As shown in Fig. 3 , most bacteria were close to the As-resistant bacteria in the families of Proteobacteria and Firmicutes (Huang et al., 2010; Xu et al., 2016; Zhu et al., 2014) , being up to 50% and 45% of the total isolates (Fig. S2A ). Among Proteobacteria, three subfamilies were found, with g-Proteobacteria being predominant in the isolates (Fig. 3 and Proteobacteria were predominant in rhizosphere soils. This again showed that soil property affects bacterial community (Han et al., 2017b) . In addition to Proteobacteria and Firmicutes, we also isolated a bacterium close to Flavobacterium sp. in the family of Bacteroidetes (Fig. 3) , which has been widely studied (Ao et al., 2014;  and used for bacteria isolation. Wang et al., 2012; Xu et al., 2016) . Although the proportion of Proteobacteria was similar to Firmicutes (50% vs. 45%) when all isolates were accounted (Fig. S2A) , it increased to 67% after excluding endobacteria (Fig. S2B) . In contrast, Firmicutes were the most dominant in endobacteria, being up to 62% (Fig. S2C) . Our data indicated that most culturable rhizobacteria of P. vittata belonged to Proteobacteria, while most culturable endobacteria of P. vittata belonged to Firmicutes. This was supported by previous studies, showing that Proteobacteria were predominated in the growth media or rhizosphere of P. vittata
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Bacteroidetes Fig. 3 . Neighbor-Joining phylogenetic trees of bacterial 16S rRNA sequences retrieved from P. vittata roots, rhizomes and fronds. Reference sequences were retrieved from NCBI database. The tree root was constructed with bootstrap values calculated from 1000 resampling. The numbers at each node indicate the percentage of bootstrap supporting. Scale bars indicate 50 mutations per 1000 bases. (Ghosh et al., 2011; Han et al., 2b; Wang et al., 2012; Xiong et al., 2010) , while Firmicutes accounted for all endobacteria of P. vittata . However, the endobacteria community might be regulated by plant As levels. For example, Xu et al. (2016) showed that Firmicutes accounted only 2.3% of total isolates in rhizosphere of P. vittata spiked with 200 mg kg À1 As. The difference between Zhu et al. (2014) and Xu et al. (2016) is also attributed to differences in soils used (Bloemberg and Lugtenberg, 2001; Sturz and Nowak, 2000) . However, further investigations are needed to study the difference in rhizobacteria and endobacteria and their roles in As transformation under different conditions. . A no-As treatment was also included as a control. Fig. 4A shows bacterial growth under AsV or AsIII stress. By comparing their OD 595 between As-treatments, bacteria were classified into 6 subgroups, including As-sensitive strain, AsIIIinhibited strains, AsV-inhibited strains, AsIII-promoted strains, AsV-promoted strains, and AsIII and AsV-promoted strains. For example, PVR-HYB16-1 could not grow in media containing AsIII or AsV (Fig. 4A) , indicating that the strain was an As-sensitive bacterium. All other bacteria were inhibited by AsIII, showing 3e78% decrease in OD 595 except for PVR-YHB3-1 (Fig. 4A) . Among them, PVR-YHB1-1, PVR-YHB1-4, PVR-YHB5-2 and PVRh-YHB9-1 were typical, showing >35% decrease in OD 595 (Fig. 4A) . Similar to AsIII treatment, AsV also inhibited bacterial growth by 5e53% (Fig. 4A) . In was interesting to note that PVR-YHB1-3, PVR-YHB1-4, PVR-YHB3-2, PVR-YHB5-1 and PVRh-YHB11-1 were more sensitive to AsV than AsIII (OD 595 decrease by 3e37% vs. 5e53%; Fig. 4A ). Unlike bacteria showing stress under As exposure, some bacteria had higher growth when incubating with AsIII (e.g., PVR-YHB3-1) or AsV (e.g., PVR-YHB1-2, PVR-YHB2-1, PVR-YHB2-2, PVR-YHB3-1, PVR-YHB4-1, PVR-YHB5-2 and PVRh-YHB8-1) (Fig. 4A) . Of which, PVR-YHB3-1 was the only strain that was promoted by both AsIII and AsV, while PVR-YHB5-2 showed the most increase at 49% (Fig. 4A) . It is known that bacteria can tolerate As by converting them to less toxic species and pumping them out of the cells (Bhattacharjee and Rosen, 2007) . One useful strategy to detoxify AsIII is to convert it to AsV, which is 60-fold less toxic than AsIII (Sun et al., 2014) . Studies also showed that As-resistant bacteria had the ability to efflux AsIII to the external environment (Ghosh et al., 2011; Zhu et al., 2014) . In our study, only one AsIII oxidizer, PVR-YHB6-1, was found (Fig. 4B) . The strain belonged to Agrobacterium tumefaciens and its AsIII oxidation characteristics have been well studied by others (Kang et al., 2014; Kashyap et al., 2006; Wang et al., 2014) . However, although PVR-YHB6-1 oxidized 94% of 75 mg L À1 AsIII to
AsV within 24 h, it also showed 30% growth reduction (Fig. 4B ). This might be due to the considerable AsV accumulated inside bacterial cells. It is known that AsV interferes some metabolic processes such as ATP synthesis and DNA repair (Mead, 2005) . To verify this hypothesis, we determined As species in bacterial cells. As expected, 85% of accumulated As in PVR-YHB6-1 was AsV (Fig. 4C ). In contrast, most As in other bacteria was AsIII, being 79e96% (Fig. 4C ). As such, bacterial As tolerance might be impacted by AsIII concentrations in the cells. For example, bacteria PVR-YHB1-1, PVR-YHB5-2 and PVRh-YHB9-1 lost 38e78% biomass (Fig. 4A ), which Fig. 4C ).
In addition to AsIII treatment, we also inoculated all 18 bacteria with AsV-spiked LB media. Since no bacteria but one converted AsIII to AsV (PVR-YHB6-1; Fig. 4B ), they might be all AsV reducers. This was supported by our data, except for PVR-YHB6-1 and PRV-YHB16-1, all bacteria reduced 8e94% of AsV to AsIII (Fig. 4D) . The strain PVR-YHB1-1 was the most efficient in AsV reduction at 94%, followed by PVR-YHB4-2 at 85% and PVRh-YHB11-1 at 48% (Fig. 4D) .
As a result, they accumulated 44, 33, and 43 mg L À1 AsIII OD 595
À1
inside bacterial cells (Fig. 4E ). Comparing to AsIII treatment, AsV resulted in higher AsV accumulation in bacterial cells (10e84% vs. 4e21% except for PVR-YHB6-1; Fig. 4CE ). This explained why most bacteria grew better under AsV stress than that under AsIII stress because AsV was less toxic than AsIII (Sun et al., 2014) . However, it was still unclear why some bacteria such as PVR-YHB1-3, PVR-YHB1-4, PVR-YHB3-2 and PVR-YHB5-1 were more sensitive to AsV than AsIII although lower As was accumulated in the cells (25e45 vs. 16e40 mg L À1 As OD 595 À1 ; Fig. 4AE ). Although PVRh-YHB11-1 was efficient in AsV reduction, it was the most sensitive to AsV as its growth decreased by 53% (Fig. 4AD) OD 595 À1 respectively in PVRh-YHB11-1, we hypothesized that the significant decrease in growth of PVRh-HYB11-1 was attributed to its ability in efficient AsV uptake but low efficiency in AsIII efflux (Fig. 4E) . Unlike As-inhibited bacteria, PVR-YHB2-1, PVR-YHB2-2, PVR-YHB4-1, PVR-YHB5-2 and PVRh-YHB8-1 grew better under AsV stress (Fig. 4A) . Similar results have been also reported in other studies (Han et al., 2016a; Xu et al., 2016; Zhu et al., 2014) . It is hypothesized that As-induced bacterial growth is attributed to bioelectricity generation and use during AsIII and AsV transformation (Oremland and Stolz, 2003) . Therefore, growth of these bacteria may be benefited from energy generation, which warrants further investigations.
As described, AsIII oxidation in solutions was mediated by AsIII oxidizing bacteria (Fig. 1) . Since P. vittata is more efficient in taking up AsV than AsIII Huang et al., 2011) , presence of AsIII oxidizers in the rhizosphere helps its As uptake. For example, AsIII oxidizer, i.e., PVR-YHB6-1, converted AsIII to AsV, thereby enhancing As uptake by P. vittata (Han et al., 2016a) . However, the fact that only one AsIII oxidizer compared to 16 AsV reducers was isolated in this study implied that culture-dependent method disproportionally selects AsV reducers . In fact, aroAlike genes are up to 50-fold greater than that of arsC genes in P. vittata rhizosphere based on culture-independent method, showing greater biodiversity of AsIII oxidizers than AsV reducers (Han et al., 2017b) . Moreover, although several endobacteria were isolated from P. vittata (Xu et al., 2016; Zhu et al., 2014) , their roles in As transformation in plants are still unknown. As such, further investigations should pay more attention to bacterial communities associated with As transformation in the rhizosphere and tissues of P. vittata using culture-independent methods like high-throughput sequencing technique.
Conclusions
In this study, we investigated the impacts of P. vittata tissue extracts with or without surface sterilization on As transformation in solutions containing 100 mg L À1 AsIII or AsV. Our data showed that both the rhizobacteria and endobacteria of P. vittata mediated AsIII oxidation and AsV reduction. The bacteria isolated from the tissue extracts belonged to Firmicutes (44%), Proteobacteria (50%) and Bacteroidetes (6%). Among these bacteria, 62% of the endobacteria belonged to Firmicutes, while most rhizobacteria belonged to Proteobacteria. This study revealed that both AsIII oxidizers and AsV reducers played a role in As transformation in P. vittata tissues, showing more AsIII oxidation in the roots and more AsV reduction in the rhizomes and fronds. Further investigations are needed to study the bacterial community structure, especially cultureindependent bacteria, in P. vittata tissues and their roles in As transformation.
